In this study, we conducted experiments to investigate the effectiveness of a non-equilibrium Ar-N 2 plasma jet generated by a Cold Atmospheric Pressure Plasma Torch (CAPPLAT) at a sinusoidal voltage of 20 kV, frequency of 30 kHz with 10 slm of Ar gas and 100 sccm of N 2 gas. Highly environmental stress resistant bacterial endospores of Bacillus subtilis, dried on an agar disc were exposed to the plasma discharge from the CAPPLAT for different durations. The viability of spores after plasma exposure was checked by counting CFUs by serial dilution method. We also measured the amount of released DPA (dipicolinic acid, pyridine-2, 6-dicarboxylic acid), which is exclusively found in endospore protoplast (cortex), to confirm the disintegration of the cortex. We could successfully inactivate a population of Bacillus endospores of about 1.0 × 10 7 to 4.0 × 10 7 spores/ml.
Introduction
All over the world people have been using plasma for a long time but the invention of non-equilibrium, atmospheric plasmas heralded a new era of their uses in different fields. Non-equilibrium plasmas like one atmosphere uniform glow discharge plasma (OAUGDP), atmospheric pressure plasma jet (APPJ), micro-beam plasma generator, plasma needle, plasma torches, plasma bullet etc. are often used for ozone generation, surface treatments [1] [2] [3] , pollution control, radiation sources etc. Bio-plasma is also a very fast emerging field of plasma applications. Efforts are being made to achieve specific parameters to kill different types of harmful microorganisms or diseased cells to treat some of the dreadful diseases.
At atmospheric pressure, a low temperature (22 to 35°C), non-equilibrium plasma discharge generating device (CAPPLAT) fed by a high-voltage pulsed power source had already been developed and used successfully for both chemical vapor deposition (CVD) and polymer surface treatment [4] [5] [6] [7] [8] . That device has also been commercialized under the name of "CAPPLAT" by Cresur Corporation [9] . This CAPPLAT (model 9 Ne) works at a sinusoidal feeding voltage of 20 kV (V pp ) and a frequency of 30 kHz using the mixture of Ar gas and N 2 gas to generate a homogeneous plasma jet which has been characterized previously [10] .
We investigated the effects of the stabilized plasma jet on the sterilization of Bacillus subtilis endospores. An endospore is a distinct type of highly dormant cell which is highly resistant to environmental stresses like heat, desiccation, radiations, chemicals etc. inner diameter of 7 mm. The inner electrode was connected to a high sinusoidal voltage (V pp 20 kV) at a frequency of 30 kHz. The outer electrode was a piece of copper foil of 20 mm width. The outer electrode was grounded. A silicone tube of thickness of 2 mm was sandwiched between two electrodes as a dielectric barrier. An inlet tube was also inserted into the copper tube to feed Ar gas (working gas) and N 2 gas (additive gas) into the hollow inner electrode. A glass capillary tube was inserted into the hollow inner electrode for the direct injection of other additive gases like O 2 to the plasma discharge. For plasma jet generation 10 slm (standard liter per minute) of Ar gas and 100 sccm (standard cubic centimeter per minute) of N 2 gas were used. All of the volumes were controlled by mass flow controllers installed in the CAPPLAT. Before feeding the mixture of gases into the hollow inner electrode, they were passed through a mixing device to have a uniform effect (quenching) of the gases on each other.
The high sinusoidal voltage (V pp 20 kV), applied to achieve the plasma discharge, was measured using a 1000:1 high-voltage probe (Tektronix P6015A). The voltage probe was attached to the inner electrode of the plasma torch. The capacitive current was monitored using a wide band current monitor (PearsonTM current monitor). The cable connected to the outer electrode was passed through the wide band current monitor. A digital phosphor oscilloscope (Tektronix TDS3012C) was inserted into the circuit to record the waveforms of the voltage and current.
The optical emission spectra of plasmas were collected using Multiband Plasma-process Monitor (MPM, Hamamatsu Photonics C7460). The spectral range was 200 nm to 950 nm with the wavelength resolution of < 2nm FWHM (full width at half-maximum). The optical fiber probe was kept 0.5 mm below and 1.0 mm away from the mouth of the plasma torch to capture the spectra of plasma emission spectra for active species.
Culture Conditions and Isolation of Endospores. Bacillus subtilis subsp. subtilis culture (NBRC 13719) obtained from NBRC (National Institute of Technology and Evaluation Biological Research Center) was revived in liquid broth. The composition of the liquid medium for 1 liter distilled water was -10 g polypepton, 2 g yeast extract, 1 g MgSO 4 ·7H 2 O at pH 7 with subsequent autoclaving. The culture was allowed to grow for 24 hours. 100 µl of the culture was inoculated by spreading over NAM (Nutritive Agar Medium) and let it incubate at 30°C for 15 days to assure complete depletion of the nutrients from the culture medium. The chemical composition of NAM was -10 g polypepton, 2 g yeast extract, 1 g MgSO 4 · H 2 O and 15g agar, dissolved in 1 liter distilled water at pH 7 with subsequent autoclaving .The spores were collected from the 15 days old culture and centrifuged (Kubota 6800) at 10000 rpm for 10 minutes at 4°C. The supernatant was discarded and spores (pallet) were washed again with double distilled autoclaved water. Heat shock was given to the spore suspension for 10 minutes at 80°C to have the spore suspension free from any vegetative cells. The spore sample was observed under microscope to ascertain the purity of the sample. Number of spores was adjusted to 1.1 × 10 7 to 1.4 × 10 7 spores/ml and counted by serial dilution method using autoclaved physiological saline. The number of spores was also counted by hemocytometer.
Air Dried Spore Agar Disc for Plasma Treatment. For plasma treatment spores were dried on an agar disc. To prepare agar discs, autoclaved mixture of 0.64 g agar dissolved in 20 ml of deionized water was poured in a sterilized petridish and let it dry at 60°C in a drier oven for 2 days. Small discs of about 2 to 2.5 cm in diameter were cut out from the dried film of agar obtained after two days of desiccation. 15µl of spore suspension was dried on each agar disc for 2 hours at 35°C. These bacillus spore inoculated agar discs were exposed to the homogenous plasma discharge for different durations from 1 minute to 14 minutes. The distance of the substrate from the mouth of the plasma torch was about 1 cm. After exposing to the plasma, each disc was washed with 1.5 ml deionized water for 30 minutes in a vortex shaker to remove all the spores or spore debris from the disc. This plasma treated spore suspension was used to check the viability of the spores and the amount of released DPA (dipicolinic acid, pyridine-2, 6-dicarboxylic acid) after the plasma treatment. For viability test, the spore suspension was further diluted into several dilutions by serial dilution method and 100 µl of each dilution was spread over nutritive agar medium and all of them were incubated for 24 hours before CFU counting. Autoclaved physiological saline was used for dilutions 6 ] + complex which is obtained by the binding of DPA with terbium ions (Tb 3+ ) from TbCl 3 .6H 2 O [13, 14] . We used DPA (Sigma-Aldrich) to prepare the DPA solutions of known concentrations and TbCl 3 .6H 2 O (Aldrich) to enhance the luminescence of the emission. In a cuvette containing 1.7 ml of 0.1 M sodium acetate buffer, 850 µl of the sample and 850 µl of 100 µM TbCl 3 .6H 2 O solution which was freshly prepared in 0.1M sodium acetate buffer were added then the relative fluorescence intensity was measured by RF-1500 Spectrofluorophotometer (Shimadzu). The excitation wave length was 270 nm. The emission spectra were recorded in the range of 475 nm to 600 nm. To decide the intensity of emission peak to work on throughout the experiment, to achieve the calibration curve and to measure the amount of released DPA after plasma exposure or after wet heat sterilization, exactly the same method was used. To measure the amount of released DPA as a result of wet heat sterilization, the aliquots of different number of spores/ml were autoclaved for 20 minutes at 121°C, under 15 psi pressure. To measure the amount of release DPA as a result of plasma exposure 15 µl of the same spore suspension was dried on each agar disc and then exposed to the homogeneous plasma jet for different durations. All of the spore suspensions were centrifuged at the speed of 10000 rpm at 4°C for 10 minutes to remove any cellular debris because of plasma treatment or wet heat sterilization without any further disintegration. Centrifuged spore suspensions were filtered by using filter paper with the pore size of 0.22µm. DPA salt is soluble in water so only supernatant was used for DPA estimation.
Results and Discussion
Ar plasma discharge was quite filamentary so to achieve a homogeneous plasma discharge N 2 gas was added for quenching. The waveforms of discharge voltage and current showed that the discharge sinusoidal voltage peak to peak voltage (V pp ) about 20 kV and the capacitive current was about 60 mA current. The current got smoother after the addition of N 2 gas because of quenching which indicated homogenous plasma discharge. The optical emission spectra was dominated by active species of Ar representing 4p -4s transitions, nitrogen active species representing N 2 second positive system (N 2 (C 3 Π u )) and a small peak representing OH radicals. The presence of OH radicles was because of ambient air or the gaseous impurities (detailed information is given in our previous paper [10] ). Although OH radicals are known for their destructive effects on living cells but we can ignore their effects because of a very small quantity.
The homogeneous plasma discharge from CAPPLAT had a very strong sporicidal effect because of the active species. The mechanism of the formation of active species had already been explained in our previous paper [10] . The energetic electrons collide with Ar molecules and make Ar metastables (Ar m ) and these energetic metastables sometimes de-excite along with the emission of radiation or change nitrogen molecules in the ground state into second positive systems ((N 2 (C 3 Π u )) which are the main energy carriers after the addition of N 2 gas whereas before the addition of N 2 gas Ar m were the main energy carriers.
The exact physiochemical process of inactivation is not fully understood yet. So far, the most accepted processes happen during the plasma sterilization are the inactivation of genetic materials by UV irradiation, erosion of microorganisms by etching and erosion of microorganisms through intrinsic photodesoption, [11] . In the plasma discharge we had charged species, excites Ar metastables, OH radicles, Second positive system of N 2 molecules, electrons and the de-excitation of charged species occurred with the emission of radiation. We also had some transitions in UV region (220 -390) also but the effect of the UV radiation is not clear yet. Although UV radiation is well known for its effects on DNA and other nucleic materials but according to M. Moissan et al the sporicidal effect of plasma is not affected by the presence or absence of UV radiation [12] . UV photons at atmospheric pressure are strongly reabsorbed by the plasma, preventing them from reaching to the sample [11] on the other hand highly energetic metastables play an important role in inactivation of microorganisms. The metastables have a comparatively longer life, sometimes of the
526
Biomaterial and Bioengineering order of seconds [11] . So, the metastables de-excite by the collision with other molecules by energy transfer rather than just emitting radiations. Due to these collisions, sometimes bonds are broken or other processes like photodesorption, etching and alteration in chemical environment initiate. During the process of erosion of microorganisms by intrinsic photodesorption or etching, volatile compounds are formed. After plasma exposure when the spore suspensions were centrifuged, no cellular debris was observed but wet heat sterilized spore suspensions got cellular debris (pellet) which supported the formation of volatile byproducts. The removal of outer spore membrane and the coat proteins do not affect the wet heat resistance of the spores. It means spore coat does not play any direct role in dormancy, but it acts as a first line of defense for any foreign intrusions. During the germination nutrients pass through the spore coat but during the dormancy lysosomes and other harmful things don't enter (sieving effect). The size of the pores in some species of Bacillus is about 8 to 2 kDa [13, 14] which is big enough for active species to enter. The energy of Ar m (argon metastables) is about (E ≈ 11.5 eV) and the energy of N 2 second positive system (N 2 (C 3 Π u -B 3 Π g )) is about (E ≈ 11.1 eV) [15, 16] . These active species can break the weak hydrogen bonding, which holds the proteins in the functional form, of highly cross linked spore coat proteins and then other peptide bonding of the protein composing the spore coat could be broken. These alterations could lead to the diffusion of free radicles, atoms and excited molecules to the core of the spore [17] . Degradation of inner layers, particularly the cortex, is responsible for the spore inactivation process. Cortex disintegration was confirmed by the release of DPA which is mainly found in cortex.
In some previous studies spores were dried on filter paper or on glass plates. The high absorptive power of the filter paper and the hydrophobic nature of the glass resulted into stalked layers of endospores. So, we used bacterial resistant dried agar discs because it was easy to spread spores much more evenly on the surface. The penetrating ability of the plasma is only about 100 Å [18] . So to see the effect of plasma, stalked layers or lumps of spores were not desirable. To check the effectiveness of agar disc, spores were spread over both agar disc and filter paper disc. After plasma treatment the amount of released DPA was higher in case of agar disc. After spreading, spores were dried at 35°C for 2 hours to avoid any sublethal temperature activation of the spores.
The number of viable CFUs was plotted as the function of the plasma discharge exposure time (Fig.  1) . The decimal reduction time because of plasma exposure (D P value), the time of exposure to reduce D P value by one log cycle (Z P ) and the time required to inactivate the whole population of spores (F P ) Fig. 1 . The number of viable CFUs as the function of the time of plasma discharge exposure. The biphasic survival curve of Bacillus endospores showing the time in minutes taken by each decimal reduction due to plasma exposure (D p) . The samples were exposed to the plasma (Ar 10 slm, N 2 100 sccm) for different durations.
at SATP (Standard Ambient Temperature and Pressure which refers to 25°C (298.15 K) and pressure of 101kPa.) were calculated. According to the Fig. 1 , for the total inactivation of the endospores we needed 7 D P s (1 st D P -1.8 min, 2 nd D P -4.2 min, 3 rd D P -2.4 min, 4 th D P -0.9 min, 5 th D P -0.5 min, 6 th D P -0.5 min and 7 th D P -0.4 min). From 2 nd D P to 6 th D P the Decimal reduction value because of plasma exposure (D P ) had reduced by one log cycle. One log cycle reduction in decimal reduction value because of plasma exposure is Z P . It means the Z P value for this sterilization would be about 8.7 minutes. The time required for the complete sterilization was about 11 minutes. After 11 minutes, occasionally 1 or 2 colonies were observed. These colonies could be experimental errors or because of some super resistant endospores. But we never observed any colonies after the plasma exposure of 14 minutes. The inactivation was a biphasic inactivation. Although the first phase of inactivation had several linear segments but there was a striking difference between the first and the second phase of inactivation. The second phase of inactivation was due to the more heat resistant endospores. The population represented these stubborn endospores was less than 10% of the whole population. In the second phase the inactivation time was much shorter than the first phase. It could be because of the continuous cumulative effects of plasma exposure on endospores during the first phase. The inactivation in the second phase was comparatively very fast as all of the endospores were inactivated in less than one minute. Most probably, in the first phase they sustained some serious injuries to their outer coats but still their protoplast was intact and they survived but in the second phase without their outer protective coverings (spore coat layers) they were more vulnerable for plasma exposure and easily in less than one minute they succumbed to complete decontamination. So, we could say that in the second phase they were more like bacteria rather than spores as far as their resistance was concerned or we could say de-coated spores. This deactivation was not because of direct DNA damage, actually there was not enough protection for DNA. So, the DNA damage was the secondary effect. It is somewhat similar to the wet heat sterilization as the wet heat kills the spores by disrupting the inner membrane permeability barrier of the core and denaturing the core enzymes and other essential proteins not by damaging the DNA [19] . Above mechanism explains the different decimal reduction values. The very initial decimal reduction value (1 st D P -1.8 min) was comparatively small. Most probably, less heat resistant or not stalked spores were inactivated. After that it kept increasing because of inactivation of more heat resistant spores or to inactivate the spores buried under the just inactivated spore debris. For higher level of effects, more time was required for the surficial and intrinsic effects. After third decimal reduction time (3 rd D P -2.4 min) the inactivation of the spores was very rapid. For the fourth decimal reduction (4 th D P ), it required just 1.3 minutes. It was due to enough accumulation of charged species in the spores and loss of other cellular parts which inactivated almost all the spores. It could be assumed that in the 4 th decimal reduction time the amount of active species was just less than the critical amount of active species necessary to inactivate the most resistant spores. The last 3 log decimal reductions happened in less than 2 minutes. Excitation of the [Tb (DPA)(H 2 O) 6 ] + complex for three known concentrations of 1µM, 10µ M and 100µM concentrations gave three typical emission peaks at 487 nm, 544 nm and 582 nm at the excitation wavelength of 270 nm. Throughout the study the highest peak (544 nm) was considered for all of the calculations (Fig. 2) . To make the calibration curve shown in Fig. 3 , the known concentrations of DPA from 1µM, 10µM were used in the same way as explained before. All of the intensities were recoded at the wavelength of 544 nm. R 2 (linear regression) value which is almost 1 and the equation to calculate the amount of DPA are given on the graph (Fig. 3) .
The amounts of DPA after wet heat sterilization (autoclaving) ( Fig. 4 ) and plasma treatment (Fig.  5) were very different from each other which indicated that plasma treatment had a different mechanism for spore inactivation then the wet heat inactivation.
In case of wet heat sterilization, the amount of DPA was increased in exponential way with the exponential increase in the number of bacteria (Fig. 4) . Although the spore loses its dormancy earlier than the release of DPA but the amount of DPA should keep increasing on until all of the DPA is released. According to the graph (Fig. 5 ) for DPA release, in first 6 minutes, we had the maximum released DPA, and then it started decreasing. Although maximum number of spore inactivation was in the first 7 minutes could be due to legged release of DPA. The amount of DPA should have kept increasing which didn't happen. It could be assumed that the amount of DPA was increasing but at the same time the active charged species of plasma discharge were disintegrating it. In gaseous phase DPA has 5 isomers. The ionization energy for all of these isomers is about 9eV [20] which is less than the energy of argon metastables (E ≈ 11.5 eV) and second positive system of nitrogen (E ≈ 11.1 eV). So, the energetic charged species of plasma disintegrated DPA.
For the visual inspection SEM (Hitachi S-3000N, Scanning Electron Microscope) micrographs were taken. The changes in the SEM micrographs of Bacillus subtilis spores exposed to the plasma discharge for 0 minutes (Fig. 6 (a) ), 5 minutes ( Fig. 6 (b) ), 7 minutes, (Fig. 6 (c) ) showed that endospores suffered the collapse of the cell wall. They lost the protoplast with all of the genetic materials. These drastic effects couldn't be reversed by any self defense mechanisms of the spore. The number of spores was also hugely decreased without any traces which further supported the formation of volatile compounds. The fatal effect of plasma increased with time.
Summary
We could successfully decontaminate a population of Bacillus subtilis of 1.0 × 10 7 to 4.0 × 10 7 spores/ml in 11 minutes (F p ). To inactivate we used our originally designed device CAPPALT (Cold Atmospheric Pressure Plasma Torch). The inactivation was biphasic. The second phase of inactivation was much faster than the first one. The decimal reduction value (D p ) changed with time. It was from 1.8 minutes to 0.4 minutes. The Z p value i.e. one log reduction in D p value was 8.7 minutes. We measured the amount of released DPA to understand the deactivation and to confirm the destruction of the cortex. We tried to figure out the mechanism. It could be concluded that the highly energetic active species of plasma discharge were responsible for the decontamination through the process of etching or physical sputtering via volatile compound formation. The active species worked on the surface of the spore (extrinsic effect) and entered in to the spore (intrinsic effect).This dual effect of highly active species was responsible for the decontamination.
Although the CAPPLAT had already been successfully used for both chemical vapor deposition (CVD) and polymer surface treatment, after this research we concluded that the CAPPLAT can successfully be used as a sterilization tool, too. The conventional methods of sterilization have some drawbacks like they are time consuming, not user and environment friendly and sometimes affect the bulk properties of the substrate, whereas non equilibrium plasma sterilization treats only the surface at room temperature. The active species are also short lived so they are user and environment friendly, no after use sanitation problems and it's a very time efficient process too.
The biggest drawback is its poor penetration ability but we think it can be used as its biggest advantage. Though, still more extensive research is required, but it can easily replace the hazardous chemo-therapy for cancerous cells without killing healthy cells because of its short working distance and only surface penetration. It could really be a very effective tool to eradicate undesirable microorganisms/cells. Bio-plasma is a very fast emerging field of plasma applications. Efforts are being made to achieve specific parameters to kill different types of harmful microorganisms or diseased cells to treat some dreadful diseases in the most efficient ways. 
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